Voltage-dependent gating of ion channels is essential for electrical signaling in excitable cells, but the structural basis for voltage sensor function is unknown. We constructed high-resolution structural models of resting, intermediate, and activated states of the voltage-sensing domain of the bacterial sodium channel NaChBac using the Rosetta modeling method, crystal structures of related channels, and experimental data showing state-dependent interactions between the gating charge-carrying arginines in the S4 segment and negatively charged residues in neighboring transmembrane segments. The resulting structural models illustrate a network of ionic and hydrogen-bonding interactions that are made sequentially by the gating charges as they move out under the influence of the electric field. The S4 segment slides 6-8 Å outward through a narrow groove formed by the S1, S2, and S3 segments, rotates ∼30°, and tilts sideways at a pivot point formed by a highly conserved hydrophobic region near the middle of the voltage sensor. The S4 segment has a 3 10 -helical conformation in the narrow inner gating pore, which allows linear movement of the gating charges across the inner one-half of the membrane. Conformational changes of the intracellular one-half of S4 during activation are rigidly coupled to lateral movement of the S4-S5 linker, which could induce movement of the S5 and S6 segments and open the intracellular gate of the pore. We confirmed the validity of these structural models by comparing with a high-resolution structure of a NaChBac homolog and showing predicted molecular interactions of hydrophobic residues in the S4 segment in disulfide-locking studies.
V
oltage-gated sodium (Na V ) channels are responsible for initiation and propagation of action potentials in nerve, muscle, and endocrine cells (1, 2) . They are members of the structurally homologous superfamily of voltage-gated ion channel proteins that also includes voltage-gated potassium (K V ), voltage-gated calcium (Ca V ), and cyclic nucleotide-gated (CNG) channels (3) . Mammalian Na V and Ca V channels consist of four homologous domains (I through IV), each containing six transmembrane segments (S1 through S6) and a membrane-reentrant pore loop between the S5 and S6 segments (1, 3) . Segments S1-S4 of the channel form the voltage-sensing domain (VSD), and segments S5 and S6 and the membrane-reentrant pore loop form the pore. The bacterial Na V channel NaChBac and its relatives consist of tetramers of four identical subunits, which closely resemble one domain of vertebrate Na V and Ca V channels, but provide much simpler structures for studying the mechanism of voltage sensing (4, 5) . The hallmark feature of the voltage-gated ion channels is the steep voltage dependence of activation, which derives from the voltage-driven outward movement of gating charges in response to the membrane depolarization (6, 7) . The S4 transmembrane segment in the VSD has four to seven arginine residues spaced at 3-aa intervals, which serve as gating charges in the voltage-sensing mechanism (8) (9) (10) (11) (12) (13) (14) (15) . The intracellular S4-S5 linker that connects the VSD to the pore plays a key role in coupling voltage-dependent conformational changes in the VSD to opening and closing of the pore (16) . The gating charges are pulled in by the internally negative transmembrane electric field and released to move out on depolarization. Their outward movement must be catalyzed by the voltage sensor to reduce the large thermodynamic barrier to movement of charged amino acid residues across the membrane. The molecular mechanism by which the gating charges are stabilized in the hydrophobic transmembrane environment and the catalytic mechanism through which they are transported across the membrane in response to changes in membrane potential are the subjects of intense research efforts.
Progress has been made in determining high-resolution structures of voltage sensors of K V and Na V channels in activated states (17) (18) (19) (20) . However, high-resolution structures of resting and intermediate states of voltage sensors are unknown. The majority of evidence supports a sliding helix model of the voltage-dependent gating in which the gating charge-carrying arginines in S4 are proposed to sequentially form ion pairs with negatively charged residues in S1-S3 segments during activation of the channel (9) (10) (11) 21) . However, the structural basis for stabilization of the gating charges in the membrane and catalysis of their movement through the hydrophobic membrane environment remain uncertain. Here, we have integrated bioinformatics analysis of Na V and K V channel families using the HHPred homology detection server (22) (23) (24) , high-resolution structural modeling using the Rosetta Membrane (25) (26) (27) and Rosetta Symmetry methods (28) , the X-ray structures of the K v 1.2-K v 2.1 chimeric channel and NavAb with activated VSDs (19, 20) and the MlotiK1 CNG channel in the resting state (29) , and experimental data showing sequential state-dependent interactions between gating charges in S4 and negatively charged residues in S1-S3 (this work and refs. [30] [31] [32] [33] . Predictions of the resulting voltage-sensing model are confirmed in this work by disulfide-locking studies and mutant cycle analysis of the interactions of hydrophobic residues in the S4 segment. This model reveals structural details of the voltage-dependent conformational changes in the VSD that stabilize and catalyze gating charge movement and are coupled to opening and closing of the intracellular activation gate of the ion-conducting pore.
Results
Modeling the Voltage-Sensing Domain of NaChBac. The Rosetta Membrane modeling algorithm has been successful in predicting the conformation of the transmembrane segments of complex multispan membrane proteins (25, 27, 34) . We used this method (25) (26) (27) (28) to model the structure of NaChBac at high resolution with a database including K V channel structures but no Na V channel structures. Our modeling experiments began with the Xray structure of the K V 1.2-K V 2.1 chimera (19) as a template and development of a consensus alignment of the VSDs of Na V and Ca V channels (SI Appendix, SI Methods and SI Appendix, Figs. S1-S4). Our final alignment (SI Appendix, Fig. S5 ) brings many highly conserved residues into register and provides a global template for modeling VSDs (SI Appendix, SI Methods). We used the Rosetta Membrane method to build the poorly conserved S1-S2 and S3-S4 loops de novo and then found the best highresolution model using the full atom relax protocol that optimizes backbone torsions and repacking of side chain atoms to find the lowest energy conformation. The ensemble of 10 lowest energy full atom models of a single VSD shows close agreement in structure (Fig. 1A) . The lowest energy full atom models selected in this unbiased way reveal the voltage sensor in an early activated state ( Fig. 1 A-E) . As a landmark in our structures, we highlight a highly conserved hydrophobic constriction site (HCS) within the VSD core (35) that is formed by I33 (in S1), F67 (in S2), and I96 and V97 (in S3) in NaChBac (Fig. 1 F and G, green). This hydrophobic cluster lines the narrowest part of the pathway for the gating charge movement through the gating pore of the VSD and likely forms a hydrophobic seal that prevents ion movement through the gating pore (Fig. 1 F and G) . It is observed in the crystal structures of K V 1.2 and NavAb (18) (19) (20) .
In this activated state structure, the first three gating chargecarrying arginines (R1-R3) in S4 are positioned on the extracellular side of the HCS, accessible to the extracellular aqueous vestibule of the VSD ( Fig. 1 E and F) . A length of the S4 segment in 3 10 -helix conformation starts from the position of R2 and extends beyond R4 to A125, effectively placing the R2-R4 gating charges in a line on one side of the S4 helix ( Fig. 1 A-E) . The lowest energy models reveal a conserved extracellular negative cluster (ENC) of acidic residues that interacts with gating charges at the extracellular end of the S4 segment, including E43 (in S1) and D60 (in S2) ( Fig. 1 A-D) . The R1 side chain forms an ion pair (i.e., a salt bridge) with E43 (in S1) and a hydrogen bond with T0 (in S4), and R3 forms an ion pair with D60 (in S2) and hydrogen bonds with N36 (in S1) and the backbone carbonyl of I96 (in S3) in all of the lowest energy models ( Fig. 1 D and E) . In 7 of 10 lowest energy models, R2 forms hydrogen bonds with N36 (in S1) ( Fig. 1 A-D) , and in 3 other lowest energy models, it forms ion pairs with E43 (in S1) and D60 (in S2). N36 (in S1) is positioned one helical turn and D60 (in S2) is two helical turns on the extracellular side of the HCS (Fig. 1 A, B , and E). In the K V 1.2-K V 2.1 chimera structure (19) , S176 is at the equivalent position to N36 in NaChBac, and we suggest that the polar side chain at this position is involved in a dynamic hydrogen-bonding network during the transfer of the gating charges through the gating pore.
The backbone carbonyl of I96 in the HCS points to the center of the gating pore, where it is well-positioned to serve as a point of interaction to catalyze the transition of the gating charges through the HCS (Fig. 1E ). An intracellular negative cluster (INC) is located on the intracellular side of the HCS, including E70 (in S2) and D93 (in S3). R4 forms an ion pair with E70 (in S2), and R74 (in S2) forms hydrogen bonds with N90 (in S3) in all of the lowest energy models (Fig. 1E) . These interactions reveal a network of ionic and hydrogen bonds that stabilize the gating charges on the intracellular side of the HCS, similar to the ENC on the extracellular side. This model and the structures of the HCS, ENC, and INC are in close agreement with a recent high-resolution crystal structure of the NavAb channel (20) , a close homolog of NaChBac (SI Appendix, SI Results and SI Appendix, Fig. S6 ).
Modeling the Voltage Sensor in Activated States. The voltage sensors of ion channels change conformation under the influence of the transmembrane electric field, move the gating charges outward, and couple those structural changes to opening of the pore. Disulfide cross-linking experiments have defined a series of molecular interactions between pairs of amino acid residues in the S4 segment and the surrounding S1-S3 segments in activated states of the VSD (30) (31) (32) (33) 36) . NaChBac provides a favorable template for these disulfide-locking experiments, because it is cysteinefree; the disulfide-locking method is ideal for comparison with high-resolution structural data, because the sulfur atoms of a substituted cysteine residue must approach within 2 Å to form a disulfide bond. To give insight into the conformational changes of the voltage sensor in different functional states, we introduced single structural constraints (Fig. 1C , activated state constraints in green) that were derived from these disulfide cross-linking experiments to generate models of the activated states of the voltage sensor of NaChBac (SI Appendix, Figs. S7-S10).
The first activated state of the VSD (Activated State 1) was captured in NaChBac models based on disulfide-locking data showing state-dependent interaction between R2 and E43 (in S1) in an early activated state (33) . This constraint is also compatible with the unconstrained structure of the VSD (Fig. 1) . R1-R3 are positioned on the extracellular side of the HCS, accessible to the extracellular aqueous vestibule (Fig. 2 A-C) , and they interact with the ENC and form a network of hydrogen bonds with additional nearby hydrophilic residues (Fig. 2 A-C) . In Activated State 2, the S4 segment moves one helical turn outward based on disulfide-locking data that show state-dependent interaction between R3 and D60 (in S2) (31) . Gating charges R1-R3 interact with the ENC on the extracellular side of the HCS, accessible to the extracellular aqueous vestibule (Fig. 2 D-F) . Notably, the side chain of R4 flips to the extracellular side of the HCS in a majority of the lowest energy models of Activated State 2 ( Fig. 2D ) but makes ionic interactions with E70 (in S2) and D93 (in S3) in the INC in the lowest energy model (Fig. 2E) . A network of hydrogen bond interactions stabilizes this state (Fig. 2  D-F) . The most activated conformation of S4 (Activated State 3) was based on disulfide-locking data showing state-dependent interaction between R4 and D60 (in S2) (32) . In this state, the side chains of gating charges R1-R4 interact with the ENC and nearby hydrogen-bonding partners on the extracellular side of the HCS, accessible to the extracellular aqueous vestibule, although the Cα atom of R4 is in the HCS (Fig. 2 G-I) . Together, our models of three activated states illustrate progressive outward movement of the S4 gating charges as they exchange hydrogen-bonding and ion pair partners along their path. These interactions catalyze the outward movement of the gating charges from interaction with the INC through the HCS to interaction with the ENC. Because these changes of conformation derive from constraints based on single molecular interactions that occur at progressively more depolarized membrane potentials (33) , it is likely that Activated States 1-3 form sequentially during gating of the NaChBac channel. We tested possible models for even more activated states suggested by disulfidelocking results, but they were not stable when the disulfidelocking constraint was relaxed (SI Appendix, SI Results).
Disulfide Locking the Voltage Sensor in Resting States. Because there is no membrane potential in a protein crystal, only the activated conformation that is most stable at 0 mV can be characterized by X-ray crystallography. Therefore, identification of key molecular interactions by disulfide-locking and mutant cycle analysis followed by structural modeling with the Rosetta Membrane method can give unique insights into the structures of VSD resting states. To investigate the molecular interactions of T0 and the outer gating charges R1 and R2 in the S4 segment with D60 in the resting state, we used the disulfide-locking method to analyze the double cysteine mutants D60C:T0C, D60C:R1C, and D60C:R2C. Unfortunately, these double cysteine mutants form disulfide bonds as expected but are not inserted into the cell surface membrane (SI Appendix, SI Results and SI Appendix, Figs. S11 and S12).
If the gating charges T0, R1, and R2 are able to form disulfide bonds with D60 in the resting state, cysteine residues substituted for the neighboring hydrophobic residues V109 (preceding T0) and L112 (preceding R1) may also be capable of disulfide locking in the resting state, which would be revealed in disulfidelocking experiments by lack of Na + current (I Na ) for double cysteine mutants under control conditions and appearance of I Na on reduction of disulfide bonds. Repetitive depolarization of WT or the single cysteine mutants from −140 to 0 mV for 500 ms results in inward I Na of constant size ( Fig. 3 A and B, black symbols), but little or no current was observed for the D60C: V109C or D60C:L112C channels ( Fig. 3 A and B, black traces and green symbols). Perfusion of the sulfhydryl reagent β-mercaptoethanol (βME) or the phosphine-reducing agent Tris(2-carboxyethyl)phosphine (TCEP) restored I Na within 3 min ( Fig.  3 A and B, green). Based on these results, we conclude that the lack of I Na for the D60C:V109C and D60C:L112C channels is caused by disulfide locking the voltage sensor in a resting state. Because V109 is one residue extracellular to T0 (T110) and L112 The lowest energy models predict that R1 forms an ion pair with E43 (in S1), R2 forms an ion pair with E43 (in S1), R3 forms a hydrogen bond with Y156 (in S5) and makes ionic interactions with D60 (in S2) and E43 (in S1), and R4 forms an ion pair with D60 (in S2).
is one residue extracellular to R1 (R113), these results support the conclusion that the V109, T0, L112, R1, and R2 can all interact with D60 in the resting states of the voltage sensor. Closer inspection of the experimental results for D60C:L112C reveals a small, but significant Na + current that is activated in response to the first depolarization without reduction of disulfide bonds (Fig. 3B , Upper, black traces), but it is lost in the second depolarization (Fig. 3B , Upper, gray traces). These results indicate that a small fraction of D60C:L112C channels are in a nondisulfide-locked resting state at the beginning of the experiments, but they are activated and disulfide-locked by the first cycle of depolarization and repolarization. This effect is revealed as a small loss of I Na after the first depolarization in the plot of peak I Na vs. pulse number (Fig. 3B, green) . These results indicate that L112 is in an intermediate position with respect to D60 at the resting membrane potential of our experiments: 88 ± 2% are already disulfide-locked to D60, but the remaining 12 ± 2% are in a more activated position that does not allow disulfide locking with D60 without depolarization/repolarization to induce outward voltage sensor movement followed by complete inward retraction to the resting state. These results indicate molecular proximity between L112 and D60 in an early activated state along the activation pathway.
Mutant Cycle Analysis of Amino Acid Interactions in the Resting State of the Voltage Sensor. We used mutant cycle analysis to assess the energy of association of these amino acid residues during activation of NaChBac channels. Conductance-voltage profiles were fit to a Boltzmann function ( Fig. 4A and SI Appendix, Fig. S13A) , and values for Z (slope) and V 1/2 (potential of half-maximal activation) were estimated to determine the free energy of activation (ΔG°). Nearly all of our single mutations caused a significant change in V 1/2 or Z (SI Appendix, Table S1 ). The perturbation in free energy (ΔΔG°) and the nonadditive coupling energy (ΣΔG°) were calculated for each mutant (Fig. 4 B and C and SI Appendix, Table S1 ). If two mutations behave independently, their perturbations in free energy will be additive, yielding little or no coupling energy (ΣΔG°< ±1 kcal/mol) (37) (Fig. 4C, dotted line) . Because D60C:V109C channels are disulfide-locked in a resting state, the voltage dependence of activation could only be assessed with βME (SI Appendix, Fig. S13A ). We found that D60C: V109C and D60C:L112C channels have significant energies of interaction (2.0 and −2.7 kcal/mol, respectively) (Fig. 4C) .
Because the double cysteine mutants D60C:T0C, D60C:R1C, and D60C:R2C channels are not inserted in the cell membrane, we used mutant cycle analysis with paired substitutions of cysteine and alanine to examine their interactions (Fig. 4 B and C and SI Appendix, Fig. S13B ). We found that the ΣΔG°values for the double mutants D60C:T0A, D60C:R1A, and D60C:R2A were 1.8, 1.4, and −1.9 kcal/mol, respectively, indicating that D60 is energetically coupled to T0, R1, and R2 during the gating process (Fig. 4C) . The positive ΣΔG°values of the D60C:T0A and D60C:R1A channels suggest that T0 and R1 interact with D60 and stabilize the resting state of the voltage sensor. In contrast, ΣΔG°for D60C:R2A was negative, indicating that R2 and D60 interact and stabilize the activated voltage sensor. Evidently, interactions of D60 with T0 and R1 oppose activation, whereas D60 interactions with R2 favor activation. The interaction of R1 with D60 may represent the transition point at which interactions of more inward gating charges with D60 progressively favor the activated state of the VSD (see below). Modeling the Voltage Sensor in Resting States. The interactions of the gating charges and hydrophobic residues in S4 with E43 and D60 are specific, because the neighboring amino acid residue I59, which points away from the gating pore in our model structures, does not interact with any of the gating charges or hydrophobic residues in the S4 segment in either the resting or activated states (SI Appendix, SI Results and SI Appendix, Fig.  S14 ). Therefore, the interactions detected by disulfide-locking and mutant cycle analysis (Figs. 3 and 4) provide specific molecular constraints with which to develop models of VSD resting states. The deepest stable resting state of the VSD (Resting State 1) was captured in NaChBac models based on disulfide-locking data showing interaction of R1 with I241 (in S1) and I287 (in S2) in the resting state of the Shaker K V channel (30) (SI Appendix, SI Methods). In this state, R3 and R4 are completely on the intracellular side of the HCS, interacting with the INC and exposed to the intracellular aqueous vestibule (Fig. 5 A and B) . In contrast, R1 and R2 are positioned within the narrow gating pore region, where they can sense membrane electric field and their side chains can form a barrier to prevent ion leak ( Fig. 5 A and  B) . The gating charges on both sides of the HCS form a network of hydrogen-bonding and ionic interactions with the ENC, INC, and nearby backbone carbonyls and hydrophilic residues ( Fig. 5 A-C). These results highlight the increased interaction of the inner gating charges with the INC in the resting states. Deeper resting states, in which the S4 segment is drawn farther inward, were tested and found to be unstable when the disulfide-locking constraint was relaxed (SI Appendix, SI Results). The 3 10 -helix structure of the S4 segment in Resting State 1 starts from R1 and extends to R4 (Fig. 5 A-C) . A similar length of 3 10 -helix structure is observed in the X-ray structure of the resting state of the MlotiK1 CNG channel (29) . In contrast, the 3 10 -helix structure only extends from R2 to R4 in Activated States 1-3 (Fig. 2) . This comparison suggests that the extent of 3 10 -helix conformation of the S4 segment is decreased during activation. This unexpected prediction from our models is confirmed by the disulfide-locking results presented below.
The S4 segment moves out about 2 Å in the model of Resting State 2 (Fig. 5 D-F) , which is based on disulfide-locking data showing state-dependent interaction between T0 (in S4) and E43 (in S1) (33) . R3 and R4 in S4 are located on the intracellular side of the HCS, interacting with the INC and accessible to the intracellular aqueous vestibule of the VSD. The R2 side chain is positioned within the narrow gating pore region, where it can potentially sense the membrane electric field (Fig. 5 D-F) . The last resting state before channel activation (Resting State 3) was captured using disulfide-locking data showing state-dependent proximity of D60 (in S2) and L112 (in S4) (Figs. 3 and 4) . Notably, about 88% of D60C-L112C channels were locked in a resting state but ∼12% remained unlocked at the resting membrane potential, suggesting that this state marks a transition between the resting and activated states of the VSD. R1 and R2 are located on the extracellular side of the HCS, accessible to the extracellular aqueous vestibule. The R3 side chain is positioned at the extracellular edge of the HCS, and the R4 side chain is positioned on the intracellular edge of the HCS (Fig. 5 G-I) . Both of these gating charges would be partially in the membrane electric field in position to respond to changes in the membrane potential. In both Resting States 2 and 3, an extensive network of ionic and hydrogen-bonding interactions stabilizes the gating charges on both sides of the HCS (Fig. 5 D-I) .
The 3 10 -helix structure of S4 in Resting State 3 extends from R2 to R4. Comparison of our Resting States 2 and 3 models (Fig.  5 D-I) suggests that the transition between 3 10 -and α-helix structures in the R1-R2 region of S4 occurs when R3 moves from the intracellular to the extracellular side of the HCS and drives the R1 side chain from interaction with D60 (in S2) to interaction with E43 (in S1). Comparison of the conformations of Resting States 1-3 with Activated States 1-3 gives insights into molecular motions that are potentially associated with pore opening, which is described in Discussion.
Testing Model Predictions by Disulfide-Locking and Mutant Cycle
Analysis. Our structural models of the resting and activated states of the voltage sensor are based on a single molecular constraint from disulfide-locking experiments, usually involving a gating charge (30) (31) (32) (33) (Fig. 1C) . Therefore, a critical test of these models is to predict the results of disulfide-locking experiments On the extracellular side of the HCS, the majority of the lowest energy models predict that R1 forms an ion pair with E43 (in S1), R2 forms hydrogen bonds with N36 (in S1), and R3 forms an ion pair with D60 and hydrogen bonds with N36 (in S1) and the backbone carbonyl of I96 (in S3). In contrast, R4 forms an ion pair with E70 (in S2), a member of the intracellular negatively charged cluster.
with the hydrophobic residues located between the gating charges in the S4 segment.
V109 precedes the gating charge position T0 and begins the S4 helix in our structural models. L112 precedes the R1 gating charge in the S4 helix. The molecular interactions of these two residues depend on the extent of 3 10 -vs. α-helix at the outer end of S4. In Resting State 2, V109 is predicted to be close enough to E43 (in S1) to form a disulfide bond (Fig. 5) . In contrast, L112 is never close enough to E43 to form a disulfide bond in our models (Fig. 5 and SI Appendix, Table S3 ). We constructed single and double mutants with cysteine residues substituted for E43 and either V109 or L112 and investigated the functional effects of disulfide bond formation (31, 32) . If V109 or L112 interacts with E43 in the resting state, we would expect that the double mutant channel would be disulfide-locked and inactivated, but it would be released from disulfide locking by reduction of disulfide bonds and thereby made available for activation by depolarization. Repetitive depolarization of WT or single cysteine mutants results in peak inward sodium currents (I Na ) of constant size (Fig. 6A, black symbols) , but no current was observed for the E43C:V109C channel (Fig. 6A , black traces and green symbols, 0-2 min), suggesting that disulfide bond formation between the substituted cysteine residues locks the VSD in the resting state. Perfusion with the reducing agents βME or TCEP restored I Na magnitude within 3 min, confirming that the loss of I Na was caused by disulfide bond formation (Fig. 6A , green traces and green symbols, 2-7 min). In contrast, I Na from E43C:L112C channels could be elicited over multiple depolarizations, and the magnitude of the peak current did not change (Fig. 6B) . To determine if sulfhydryl reagents could affect the E43C:L112C channel, we perfused the oxidizing agent H 2 O 2 or the reducing agent βME but observed no change in peak I Na amplitude (Fig.  6B) . Based on these results, we conclude that the lack of I Na for double mutant E43C:V109C is caused by disulfide locking of the VSD in a resting state, whereas no sulfhydryl interaction occurs in either the resting or activated states for E43C:L112C. These results are consistent with the expected interaction of V109 and E43 in Resting State 3 as well as the lack of interactions of L112 with D60 in all states, and therefore, they provide strong support for our molecular models.
Our observation that the S4 segment must form a 3 10 -helix as it moves through the inner gating pore makes another robust prediction. If the S4 helix moves along a spiral path, as proposed in the sliding helix and helical screw models (9-11), the gating charges and some of the hydrophobic residues between them would be available for disulfide locking to the same amino acid residues (SI Appendix, Fig. S15 ). However, if the S4 segment moves through the narrow gating pore in a 3 10 -conformation, the Fig. 6 . Disulfide locking of cysteine residues substituted for amino acid residues in the S4 segment. (A, Upper and B, Upper) I Na from the first pulse in control conditions (black) and last pulse in the presence of reducing agent (green) or oxidizing agents (blue) elicited by a 0.1-Hz train of 500-ms depolarizations to 0 mV from a holding potential of −140 mV. (A, Lower and B, Lower) Effects of reducing agents 10 mM βME and 1 mM TCEP (green bars) or 2 mM H 2 O 2 (blue bar) on the mean normalized peak currents (±SEM) recorded during the stimulus trains (n = 5-6). (C) Lack of disulfide locking of cysteine residues substituted for D60 with the indicated hydrophobic residues in the S4 segment. Mean normalized peak currents (±SEM) are plotted from stimulus trains, and the black bar indicates the time when 10 mM βME (green) or 2 mM H 2 O 2 (blue) were perfused (n = 4).
gating charges would be positioned in nearly a straight line on one side of the helix, and the hydrophobic residues would be constrained to the opposite sides of the 3 10 -helix and would make different molecular interactions (SI Appendix, Fig. S15) . We used the disulfide-locking method to test this prediction. Single and double cysteine mutants of D60 (in S2) and every residue in the S4 segment were constructed and analyzed (Fig.  6C) . We found that none of the hydrophobic residues between R1 and R4 were capable of disulfide locking with D60, although R112 immediately preceding R1 and the R1-R4 gating charges themselves are all capable of disulfide bond formation with D60C in either the resting or activated state (Figs. 4 and 6) .
We conducted mutant cycle analysis to determine the energy of interaction of these pairs of amino acid residues (Fig. 7 and SI  Appendix, Fig. S16 ). We found that most single mutations in the S4 segment increased the energy required to activate the channels (ΔΔG), with especially large effects for neutralization of the gating charges R1, R3, and R4 (Fig. 7A) . Calculation of the interaction energies (ΣΔG) revealed no significant energy of interaction for any of the hydrophobic amino acid residues between R1 and R4 (Fig. 7B, black bars) , which is in sharp contrast to the substantial interaction energies of V109, T0, and R1 with D60 in the resting state (Fig. 7B, green bars) and R2, R3, and R4 with D60 in the activated state (Fig. 7B, red bars) . The results of our disulfide-locking experiments on all of the residues in the S4 segment are summarized as a bar graph in Fig.  7C , with percent disulfide locking in the resting state illustrated by green bars and in the activated state illustrated by red bars. Together with the mutant cycle analysis, these results show that T0 and V109, which precedes it, both interact with D60 in the resting state and stabilize the resting state ( Fig. 7 B and C, green  bars) . Similarly, R2, R3, and R4 all interact with D60 in the activated state and stabilize the activated state ( Fig. 7 B and C, red bars). R2 and L112, which precedes it, define a transition zone with respect to state dependence of D60 interactions-both interact with D60, but L112 preferentially interacts with the resting state, whereas R1 preferentially stabilizes the activated state ( Fig. 7 B and C, red and green bars) . In contrast, the hydrophobic residues between R1 and R4 are all unable to interact with D60, as assessed by disulfide-locking and mutant cycle analysis ( Fig. 7 B and C, black bars) . This complex pattern of interactions of hydrophobic amino acid residues is exactly as predicted from our molecular models, in which the S4 segment is in an α-helical conformation from V109 to R2 but in a 3 10 conformation from R2 to R4 during activation of the voltage sensor, thereby allowing the inner gating charges to move outward in a nearly linear path past their ion pair partners (Fig. 7D) .
We considered the predictions for interactions of amino acid residues in the S4 segment with D60 in the S2 segment in more detail in SI Appendix, Tables S3-S5, which present the minimum predicted distance of the Cβ-atom of each S4 residue from the Cβ-atom of D60 in all of the states modeled here together with the interactions observed by disulfide locking (+ or −). A maximum Cβ distance of ≤9-10 Å was set as the criterion for disulfide bond formation, which is based on a requirement for 5-6 Å to form disulfides in rigid structures and up to 2 Å movement for each side chain within the VSD based on molecular dynamics simulations (38, 39) . For our models presented in Figs. 2 and 5 , which have a combination of α-helical conformation at the extracellular end of S4 and 3 10 -helical conformation at the intracellular end, all predictions are verified as noted by green highlights in SI Appendix, Table S3 . However, a model with α-helical conformation throughout the length of S4 fits the data for the extracellular end but not the intracellular end, which is noted by red highlights in SI Appendix, Table S5 , whereas a model with 3 10 -helical conformation throughout S4 fits the data for the intracellular end but not the extracellular end, which is noted by the red highlights in SI Appendix, Table S4 . This analysis shows that the models of Figs. 2 and 5, which have a combination of α-and 3 10 -helix, fit the data on protein interactions substantially better than an α-or a 3 10 -helix over the length of the S4 segment. It is particularly significant that the intracellular part of S4, which moves through the narrow HCS in the gating pore, is in 3 10 -helix conformation, because it allows the R1-R4 gating charges to interact specifically with D60 and shields the intervening hydrophobic residues from that charge interaction. These models and the significance of the extended 3 10 -helix are considered further in SI Appendix, SI Discussion. 
Discussion
Comparison of Voltage-Sensing Models with Experimental Data. Our structure prediction methods are still significantly less accurate than crystallographic structure determination. Therefore, we have highest confidence in the prediction of overall secondary structure and the spatial relationships between amino acid residues in different interacting transmembrane segments within the VSD. This aspect of our structures also derives direct support from disulfide-locking experiments. We have less confidence in the exact ion pair and hydrogen-bonding partners within the interacting networks derived from these high-resolution structural models, because these interactions are likely to be dynamic and interchanging as the S4 segment moves through the gating pore. Nevertheless, we believe that the hydrogen-bonding networks that we present here are representative of the molecular interactions that stabilize and catalyze gating charge movement in voltage sensors. Our structural models for NaChBac are very similar to the Rosetta models of K V 1.2 channels derived previously (26) and are compatible with the vast majority of current experimental data on the structure and function of the VSD (SI Appendix, Table S6 ). These numerous points of agreement between our structural models and prior experimental data support the accuracy of these models and the mechanism of voltage sensor function derived from them. Moreover, our models made predictions about the structure of the extracellular end of the S4 segment and the 3 10 -helix component of the S4 segment that were unique and fully confirmed in our experiments with disulfidelocking and mutant cycle analysis (Figs. 6 and 7 and SI Appendix, Tables S3-S5 ).
Conformational Changes in the Voltage-Sensing Domain During
Gating. Comparison of our structural models of resting and activated states of NaChBac suggests several probable features of the structural mechanism for catalysis of gating charge movement and its coupling to pore opening ( Fig. 8 and Movies S1, S2, and S3). These molecular motions are most easily appreciated from Movies S1, S2, and S3. i) A highly conserved cluster of the large hydrophobic side chains of I33 (in S1), F67 (in S2), and I96 (in S3) creates the HCS, a tightly packed structural element of ∼5 Å thickness (Figs.  1 F and G and 8, orange band) . This cluster of hydrophobic residues allows movement of R1 through R4 from the intracellular to the extracellular vestibule without ion leak; however, ionic leak current through VSDs is observed when the arginine gating charges or hydrophobic residues in S1 and S2 are mutated to smaller amino acids (30, (40) (41) (42) (43) . In our structural Fig. 8 . Model of conformational changes in NaChBac during gating. (A) Transmembrane view of the ribbon representation of Rosetta models of three resting and three activated states of the VSD of NaChBac. Segments S1-S4 are colored individually and labeled. Side chain atoms of the gating charge-carrying arginines in S4 (colored dark blue), negatively charged residues in S1-S3 segments (colored red), polar residues in S1, S3, and S4 (colored purple), and key hydrophobic residues in S1-S3 (colored gray) are shown in sphere representation and labeled. The HCS is highlighted by orange bars. (B) Transmembrane view of the ribbon representation of Rosetta models of Resting State 1 and Activated State 3 of NaChBac VSD and pore domain. Only a single VSD is shown attached to a tetramer of the pore domain for clarity. Transmembrane segments S1-S6 are colored individually and labeled. The S4-S5 linker is colored purple. Side chains atoms of key residues in VSD are represented as in A. The narrow region of focused membrane electrical field at the hydrophobic constriction site is highlighted by orange bars. models, the transmembrane electrical potential would drop across a short stretch of the gating pore, which was predicted from studies showing a focused electric field near the center of the VSD (44) (45) (46) (47) (48) . We consider the focused electrical field to drop primarily across the HCS, which forms a hydrophobic seal of 5-6 Å thickness just above the center of the VSD (Fig. 8 , orange band). This structure is in close agreement with continuum electrostatic calculations (47) , fluorometric measurements (49), estimates based on tethered charges of different length (46) , and molecular dynamics simulations (39) . Comparison of our Resting State 1 and Activated State 3 models shows that at least three arginine gating charges move completely through the HCS (Fig. 8) , which is in close agreement with experimental observations suggesting that 3-4e are transferred across the membrane electric field per voltage sensor (50) (51) (52) .
ii) S4 moves outward, rotates, and tilts as it passes through the HCS (Fig. 8) . Its outward movement is about 6-8 Å relative to the S1 and S2 segments, which is in close agreement with previous studies (46, 53, 54) . S4 also moves outward relative to S3 (Fig. 8) (36) , and this conformational change is allowed by a bend of the extracellular one-half of S3 at a conserved position that contains only amino acid residues with small side chains analogous to G100 in NaChBac (SI Appendix, Figs. S2 and S3). S4 rotates ∼30°around its own axis with respect to S1 and S2. Finally, S4 also tilts relative to the S4-S5 linker from 100°in Resting State 1 to ∼60°in Activated State 3. An even larger tilting movement was proposed based on studies of the KAT1 channel by genetic complementation experiments in yeast (55) . Our results give two distinct views of the conformation and rotation of the S4 segment. An α-helical conformation of the outer gating charges from T0 to R2 precisely accommodates the pattern of disulfide locking that we have observed. However, the pattern of disulfide locking observed for the hydrophobic residues from R1 to R4 implies that they are in a 3 10 -helical conformation and move linearly through the gating pore without rotation. These two seemingly incompatible aspects of our results are accommodated by our model, in which the part of the S4 segment that is interacting with D60 and E70 in the gating pore is in a 3 10 -helical conformation. Our estimated rotation of S4 is within the range measured for the Shaker channel (30-60°) from FRET and Luminescence Resonance Energy Transfer (LRET) data, suggesting that the proposed rotation in our model is accurate and likely to be a conserved motion in VSDs (56) (57) (58) (59) .
iii) On the extracellular side of the VSD, the combination of sideways and transmembrane movements of S4 moves the S3-S4 loop from close proximity to the S1-S2 loop in the resting states to a position in which there is a substantial cleft between the S1-S2 and S3-S4 loops in the activated states (Fig. 8) . Structural proximity between the extracellular ends of S1-S4 segments in the resting state is observed in the MlotiK1 CNG channel structure (29) , and separation between these two extracellular loops is observed in the structure of K V 1.2-K V 2.1 and also is implied by data showing that the wedge-shaped β-scorpion toxins bind between the S1-S2 and S3-S4 loops of sodium channels in the activated state (60) .
iv) On the intracellular side of the VSD, the combination of the outward, rotating, and tilting motions of S4 imposes a sideways gating movement of the S4-S5 linker that is nearly parallel (within 3-5 Å) to the plane of the inner surface of the membrane (Fig. 8 and Movie S1). This movement may push the intracellular end of S4 and the adjacent S4-S5 linker in direction of S6 and may cause the entire VSD to rotate relative to the axis of the pore during pore opening (Movies S2 and S3). A similar gating movement parallel to the plane of the membrane can be inferred from comparison of the structures of the resting state of MlotiK1 (29) with the activated state of the K V 1.2-K V 2.1 (19) , and this motion is seen more definitively from comparison of the recent crystal structure of NavAb in a preopen state (20) with the structure of the K V 1.2/K V 2.1 chimera in the open state (19) .
v) Within the VSD, the S4 segment contains a section of 3 10 -helix from R1 to R4 in Resting States 1 and 2, which is shortened to extend only from R2 to R4 in Activated States 1-3. This change in secondary structure allows the R1-R3 region of S4 to move nearly linearly through a narrow groove formed by the S1-S3 segments (Figs. 1 F and G and 8) . Because of this 3 10 -helix structure, the magnitude of S4 rotational movement is significantly less than suggested by the original versions of the sliding helix and helical screw models (11, 26, 61) . This mechanism may also allow the S4 segment to store the energy derived from its movement through the electric field in its high-energy 3 10 -conformation and then release it to drive pore opening by converting the extracellular end to α-helical conformation (SI Appendix, SI Discussion). This mode of movement through the gating pore is consistent with disulfide-locking experiments showing that only the S4 gating charges themselves, and not the intervening hydrophobic residues, interact with D60 in the ENC (Figs. 6C and  8 ). The gating charges R1-R4 form an extensive network of ionic and hydrogen-bonding interactions with negatively charged and polar residues in the intracellular and extracellular halves of the VSD and the backbone carbonyl of I96 in the HCS in the middle of S3. This network of hydrophilic interactions catalyzes movement of the gating charges from interactions with the INC in the resting state to interactions with the ENC in the activated state. The extracellular and intracellular vestibules within the VSD enable exposure of the gating charges to the aqueous environment in the activated and resting states, respectively.
Overall, our structural models of resting and activated states of the NaChBac VSD fit both previous and current experimental data surprisingly well and explain many unexpected features of these experimental results. These models will serve as valuable templates for modeling and structure function studies of the more complex mammalian voltage-gated sodium and calcium channels. These models require additional testing and validation, but our present results show that structural modeling with the Rosetta Membrane Symmetry method using available crystal structures and experimental data can be a useful approach for structure prediction of multiple functional states of ion channels and other symmetric membrane proteins at high resolution.
Methods
Structural modeling was carried out with the Rosetta Membrane Program (25, 27, 28) . Disulfide-locking (31, 32) and mutant cycle analysis (31, 32) were carried out as described previously. Please see SI Appendix, SI Methods for details.
